Regeneration of plant organs is often the essential step in genetic transformation; however, the regeneration ability of a plant varies depending on the genetic background. By conventional crosses of low-regeneration rice strain Koshihikari with high-regeneration rice strain Kasalath, we identified some quantitative trait loci, which control the regeneration ability in rice. Using a map-based cloning strategy, we isolated a main quantitative trait loci gene encoding ferredoxin-nitrite reductase (NiR) that determines regeneration ability in rice. Molecular analyses revealed that the poor regeneration ability of Koshihikari is caused by lower expression than in Kasalath and the specific activity of NiR. Using the NiR gene as a selection marker, we succeeded in selectively transforming a foreign gene into rice without exogenous marker genes. Our results demonstrate that nitrate assimilation is an important process in rice regeneration and also provide an additional selectable marker for rice transformation.
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regeneration ability ͉ ferredoxin-nitrate reductase ͉ selectable marker R egeneration of plants from cell culture is a critical step in the production of novel varieties of plants. Generally, it is not easy to culture and regenerate monocot plants, including agronomically important crops such as rice, wheat, and maize. In rice, an efficient culture system using mature seeds has been established based on research with model varieties such as Nipponbare (Japonica) and Kasalath (Indica). However, many leading varieties used for food production, such as Koshihikari in Japan and IR64 in tropical countries, have low regeneration ability in the mature seed culture system, resulting in a serious obstacle to efficient production of transgenic plants. It has been indicated that regeneration ability depends mainly on a few key genes (1-7), but no gene has yet been identified in any plant species. To understand the regeneration process and resolve the low regeneration ability of a leading Japanese variety, Koshihikari, we have attempted to isolate major quantitative trait loci (QTL), which would increase the regeneration ability of Koshihikari.
Materials and Methods
Culture Conditions and Regeneration Test. Mature seeds were dehusked and surface-sterilized in 70% ethanol for 30 s, vigorously shaken in 1.5% sodium hypochlorite for 30 min, and rinsed five times in sterilized water. For the induction of calli, sterilized seeds were placed on the surface of an agar medium containing CHU (N 6 ) basal salt mixture (Sigma), 2 mg͞liter glycine, 0.5 mg͞liter nicotinic acid, 0.5 mg͞liter pyridoxine-HCl, 1 mg͞liter thiamine-HCl, 0.1 g͞liter myo-inositol, 0.3 g͞liter casamino acid, 2.878 g͞liter proline, 2 mg͞liter 2,4-dichlorophenoxyacetic acid, 30 g͞liter sucrose, and 3 g͞liter gelrite. The medium was adjusted to pH 5.8. Seeds were incubated in the medium at 29.5°C. Four weeks after inoculation calli formed from seeds were transferred onto regeneration medium containing MS plant salt mixture (Wako), 5 mg͞liter nicotinic acid, 10 mg͞liter pyridoxine-HCl, 10 mg͞liter thiamine-HCl, 0.1 g͞liter myo-inositol, 2 g͞liter casamino acid, 0.2 mg͞liter naphthalene acetic acid, 2 mg͞liter kinetin, 30 g͞liter sorbitol, 30 g͞liter sucrose, and 3 g͞liter gelrite at pH 5.8. After 4 weeks, regenerated shoots were counted. Regeneration ability is given as number of shoots per seed.
Bacterial Artificial Chromosome (BAC) Library. A Kasalath BAC library containing 18,816 clones with an average insert size of 120 kb was constructed with the CopyControl pCC1BAC vector (Epicentre Technologies, Madison, WI). We combined 384 clones into 49 pools for PCR-based screening with DNA markers P121 and P182.
DNA Construction for Transgenic Analyses. For complementation tests, three genomic fragments of Kasalath containing each candidate gene region were subcloned into the binary vector pBI101-Hm3 (8) . For selection marker tests, we generated five constructs based on pBI101 as a vector backbone (Clontech). The NheIHindIII fragment containing nptII was excised from pBI101 and self-ligated (pBI101 minus nptII). The cauliflower mosaic virus 35S promoter from pBI221 (Clontech) was introduced into the upstream site of the ␤-glucronidase (GUS) gene of pBI101 minus nptII to produce a plasmid designated 35SGUS. The empty vector was generated by removing the GUS-NOS terminator of pBI101-nptII. The 12.2-kb XhoI-StuI genome fragment of Kasalath containing ferredoxin-nitrite reductase (NiR), used for complementation tests, was introduced into the 35SGUS plasmid at the SalI site and designated NiR genomeϩ35SGUS. The 5Ј sequence of the NiR gene, containing the 5Ј flanking and 5Ј noncoding regions, was amplified from Kasalath genomic DNA with a 5Ј primer containing a NheI linker that annealed 1.3 kb upstream of the translation initiation site and a 3Ј primer with a HindIII linker that annealed just upstream of the translation initiation site. PCR products were cloned into pBI101 at the NheI-HindIII site where nptII was excised, and the construct was labeled pNiRϩGUS. NiR cDNA was synthesized by RT-PCR from Kasalath callus RNA by using one primer complementary to the translation initiation site and the other complementary to the translation stop site. Kasalath NiR cDNA was cloned into pCR4 Blunt-TOPO vector (Invitrogen), and the NiR terminator region was joined downstream of the NiR cDNA (NiRcDNA::NiRt). This NiR cDNA::NiR terminator fragment was introduced into the downstream site of the NiR promoter in pNiRϩGUS. The pNiR::NiRcDNA::NiRtϩ35SGUS plasmid was constructed to introduce a cauliflower mosaic virus 35S promoter fragment into pNiR::NiRcDNA::NiRtϩGUS. Rice actin 1 promoter, obtained from pBIActnos (9) , was introduced into the upstream region of NiR cDNA in the NiRcDNA::NiRt construct. The NiRcDNA::NiRt fragment was cloned into empty pBI101 vector, and then the 35SGUS fragment was introduced to construct pAct::NiRcDNA::NiRtϩ35SGUS.
RT-PCR.
Complementary DNA was synthesized from 2 g of total RNA with Omniscript Reverse Transcriptase (Qiagen, Valencia, CA) with oligo(dT) primers. Semiquantitative PCR was performed with gene-specific primers A and AЈ (see Fig. 3a ), and saturated RT-PCR was performed with gene-specific primers B and BЈ (see Fig. 3a ). Primer sequences and PCR conditions are available on request. Real-time RT-PCR was performed with a SybrGreen detection system on a Light Cycler (Roche Diagnostics). RNA expression data were normalized to the levels of polyubiquitin (GenBank accession no. U37687) RNA.
Immunoblot Analysis. Calli were homogenized in extraction buffer (50 mM Tris⅐HCl, pH 7.9͞2 mM EDTA͞5 mM cystein). For immunoblotting, 25 g of protein was separated by electrophoresis on a 7.5% SDS͞polyacrylamide gel and transferred to a nitrocellulose membrane (Amersham Pharmacia). Western blot assays were performed as described (10) .
NiR Enzyme Assay. Koshihikari and Kasalath cDNAs were amplified by RT-PCR and subcloned into the bacterial expression vector pET-32a (Novagen). Recombinant proteins were induced by 0.2 mM isopropyl ␤-D-thiogalactoside in 20°C culture and extracted by sonication. Protein purification was performed by using TALON metal affinity resin (BD Biosciences, Franklin Lakes, NJ), and the concentrations were determined with a protein assay kit (Bio-Rad). For in vitro assays of NiR, 50 l of crude extracts of calli or purified recombinant proteins was added to an 850-l assay mixture (50 mM Tris⅐HCl, pH 7.5͞0.5 mM NaNO 2 ͞1 mM methyl viologen), and the enzyme reaction was initiated by the addition of 100 l of 0.12 M Na 2 S 2 O 4 dissolved in 0.2 M NaHCO 3 . After incubation at 30°C for 60 min, the reaction was terminated by vigorous vortexing until the color of methyl viologen disappeared completely. The concentration of reduced nitrite ions was determined with a 2,3-diaminonaphthalene kit (Dojindo Laboratories, Kumamoto, Japan).
Results
Identification of a Regeneration-Related Gene. In preliminary studies, Koshihikari calli turned brown, and no green tissue was obtained when mature seed-derived calli were used for regeneration, whereas Kasalath calli were white or yellow and formed shoots with high frequency (Fig. 1a) . We therefore chose Kasalath (Indica) as a high-regenerative variety to cross with Koshihikari.
The Koshihikari ϫ Kasalath F 1 was backcrossed with Koshihikari to produce 99 BC 1 F 1 plants from which BC 1 F 2 seeds were harvested. For QTL mapping, the genotypes of the 99 BC 1 F 1 plants were determined by using 262 PCR markers, which were almost equally dispersed on the 12 rice chromosomes. Twenty BC 1 F 2 seeds from each BC 1 F 1 line were tested for regeneration ability. We then performed QTL analysis with the QGENE computer program (11) and found four putative QTL located on chromosomes 1, 2, 3, and 6 in which Kasalath alleles were correlated with a positive effect on regeneration ability. The QTL located on the short arm of chromosome 1 near PCR marker TGS2451 had the largest effect and was designated Promoter of Shoot Regeneration 1 (PSR1) (Fig. 1b) .
To roughly locate the map position of PSR1, we selected 30 BC 2 F 1 plants that had Kasalath alleles flanking PSR1 and induced calli from 10 BC 2 F 2 seeds of each BC 2 F 1 line. On the basis of the genotypes and phenotypes of BC 2 F 2 plants, PSR1 was mapped to Ϸ45.4 cM on chromosome 1.
For high-resolution mapping, Ϸ3,800 BC 3 F 2 seeds from selected BC 3 F 1 plants containing a small heterozygous Kasalath chromosomal segment around PSR1, but with the homozygous Koshihikari genotype around the other three QTL regions, were analyzed. Fine-mapping analysis revealed that PSR1 lies in the interval between two molecular markers, 3132 and P182, with a distance of 50.8 kb (Fig. 2a) . In this region, four putative genes were predicted by RiceGAAS analyses (http:͞͞RiceGAAS.dna. affrc.go.jp). To identify the PSR1 gene, we constructed a Kasalath BAC library containing Ϸ2 ϫ 10 4 clones with an average insert size of 120 kb and isolated a BAC clone, BHAL15, that included most of the PSR1 candidate region (Fig. 2a) . Several fragments covering each candidate gene were subcloned from BHAL15 and introduced into Koshihikari calli. Among them, one 12.2-kb fragment (Fig. 2a) covering the entire region of a putative NiR gene provided the regeneration ability of Koshihikari calli (Fig. 2b) , indicating that PSR1 may be a NiR gene.
Sequence and Expression Analyses of the PSR1 Gene. We compared the NiR sequences of Koshihikari and Kasalath and found many single nucleotide polymorphisms and nucleotide deletions and insertions, especially in the promoter regions (Fig. 3a) . However, these polymorphisms produce only two amino acid changes: E 375 D and S 453 A (Fig. 3b) . Because sequence comparisons suggested the possibility that the expression level of NiR is different in these two plants, we examined NiR expression in callus by semiquantitative RT-PCR. NiR expression was detected in both Koshihikari and Kasalath, but the expression level was much lower in Koshihikari when ubiquitin expression was used as a control (Fig. 4a) . We also detected two transcripts with different sizes in Koshihikari, the unspliced transcript retaining the third intron and the correctly spliced transcript (Fig. 4 b and  c) . We also examined the amount of NiR protein by immunoblot assay. The NiR protein was detected at a much higher level in Kasalath than in Koshihikari (Fig. 4d) . NiR Activity. The lower level of NiR expression in Koshihikari may result in lower enzymatic activity. This hypothesis was confirmed with nitrite reductase assays using crude extracts. NiR activity in extracts of Koshihikari calli was Ϸ22 times lower than that of Kasalath (Fig. 5a ). Lower NiR activity in Koshihikari is caused not only by lower expression of NiR protein but also by lower specific activity of the NiR enzyme in Koshihikari. When we examined recombinant proteins produced in Escherichia coli, the activity of the Kasalath NiR was 1.6 times higher than the Koshihikari NiR (Fig. 5b) , suggesting that amino acid differences also caused the differences in enzyme activity. We also examined the relationship between NiR activity in calli and regeneration ability in various kinds of Japonica rice varieties and found that the varieties with high regeneration ability always had high NiR activity and vice versa (Fig. 5 c and d) . This finding clearly demonstrates that NiR activity is a determining factor for the regeneration ability of Japonica rice varieties.
NiR as a Selection Marker. NiR catalyzes the reduction of nitrite to ammonium and functions as a key enzyme in nitrate assimilation. Nitrate is commonly used as a nitrogen source for plant cell culture, but its metabolite, nitrite, has a toxic effect on plant cell Each content was determined by capillary electrophoresis, which is represented by mol per g of medium. *Assay limit is 0.03. growth (12, 13) . Thus, rapid metabolism of nitrite is crucial for plant cell growth and regeneration. In this context, Kasalath calli, having higher NiR activity, may rapidly metabolize the nitrite, whereas Koshihikari calli may not. To test this hypothesis we measured the accumulation of nitrite in callus culture medium and found that there is appreciable accumulation of nitrite ions in the Koshihikari culture medium, but it was not detected in the Kasalath medium (Table 1) .
Genes encoding antibiotic and herbicide resistance are widely used as selection markers in plant transformation (13) . Recently, a positive selection system based on the E. coli phosphomannosisomerase (pmi) gene as selection marker was developed in various plants, including rice (14) . These selection markers are exogenous for plants. Moreover, several methods have been reported to generate selection marker-free transgenic plants, including site-specific recombination and intrachromosomal recombination to remove the selection marker and cotransformation and transposable elements to segregate the selection marker (15, 16) . In the chloroplast transformation system, a method that did not use an antibiotic resistance gene was established (17) . However, such a method is generally time-consuming and inefficient. As already shown, the introduction of the Kasalath NiR genome sequence conferred enhanced regeneration ability on Koshihikari (Fig. 2b) . This result suggests that the Kasalath NiR gene could be used as a selection marker for gene transformation into recalcitrant strains of rice without any additional selective agents.
To test this idea, we constructed five vectors carrying the GUS gene (GUS) as a reporter: Kasalath NiR genome ϩ 35S promoter::GUS (plasmid 1 in Fig. 6a ), Kasalath NiR promoter::NiR cDNA::NiR terminator ϩ 35S promoter::GUS (plasmid 2 in Fig. 6a ), rice Actin1 promoter::NiR cDNA::NiR terminator ϩ 35S promoter GUS (plasmid 3 in Fig. 6a) , and two control vectors not including NiR (plasmids 4 and 5 in Fig. 6a ). These constructs were transformed into Koshihikari calli by Agrobacterium tumefciens-mediated transformation by standard methods (18) and cultured on medium containing no chemicals for selection. Calli transformed with the three constructs carrying the Kasalath NiR formed many shoots (Fig. 6 b-d ) with GUS activity (Fig. 6g ). Calli transformed with constructs lacking Kasalath NiR formed no or few shoots (Fig. 6 e and f ) . These calli did not express GUS activity (data not shown). About 54% of calli transformed with Kasalath NiR as a selection marker regenerated into plants. Of these, Ͼ80% stained for GUS activity. This result shows that the Kasalath NiR gene is useful as a selection marker for transformation of Koshihikari rice.
We also attempted to adopt the Kasalath NiR selection system for high regenerative varieties. Because nitrite is toxic to plants, the addition of excess nitrite in the culture medium causes the growth inhibition of calli regardless of their regeneration ability. For example, variety Nipponbare cells cannot grow under highnitrite conditions (Fig. 6h) . However, when Nipponbare cells were transformed with the NiR overexpression construct (plasmid 3 in Fig. 6a ), the cells grew normally (Fig. 6 i and j) and showed GUS activity (Fig. 6k) . This result demonstrates that NiR can be used as a selection marker for transformation even in rice plants with high regeneration ability.
Discussion
Under certain conditions, differentiated plant tissues can revert to a dedifferentiated state and through additional cell divisions form unorganized cell aggregates or calli. Calli can regenerate into whole plants in response to plant hormones that stimulate root and shoot tissue formation. The competence of whole plant regeneration depends on totipotency, or the genetic potential that makes plant tissue culture possible. Plant culture systems have been applied to many areas of plant science and crop improvement, making it an essential technique, particularly in plant transformation.
It is possible that all plant species are totipotent, but it can be difficult to identify the culture conditions and stimuli required to express totipotency. A potential solution to this problem is to identify the QTL genes associated with callus formation and plant regeneration and transfer the high-regeneration ability QTL gene(s) into low-regeneration varieties. Several studies have described the improvement of regeneration ability by introgressing the QTL gene through conventional crosses (1, 19) . However, this method is very laborious and gives no understanding of the molecular mechanisms of plant regeneration. In this study, we used a gene identified by QTL analysis to overcome a genetic barrier to plant regeneration through isolation and characterization of a nitrite reductase gene. Complementation of low-regeneration variety Koshihikari with the NiR gene from high-regeneration variety Kasalath is sufficient for establishing a practical cell culture system.
It is possible that other NiR or sulfite reductase (SiR) genes are involved in the same step of nitrite reduction. Rice has at least two candidate genes encoding NiR (PSR1͞NiR and another putative NiR) and one SiR (data not shown). An additional candidate NiR may be a pseudogene because it has a stop codon in the coding region. The expression level of SiR is almost the same in Koshihikari and Kasalath calli and much lower than PSR1͞NiR (data not shown), indicating that nitrite reduction in rice calli depends mainly on PSR1͞NiR. Therefore, PSR1͞NiR has a critical function in the assimilation of nitrogen in rice cell culture conditions. Actually, all of the Japonica rice varieties with low regeneration ability we examined showed low NiR activity ( Fig. 5 c and d ). It is likely, then, that the introduction of PSR1͞NiR into these varieties would result in an increase of regeneration ability as in the case of Koshihikari.
Nitrate is the major source of nitrogen in most plants. In the assimilation pathway, nitrate is reduced to nitrite by nitrate reductase (NR), and, subsequently, NiR reduces nitrite to ammonium. Ammonium is then used for the synthesis of Nmetabolites. Mutants impaired in nitrate assimilation have been isolated by various criteria such as chlorate resistance (20) , absence of NR activity (21) , accumulation of nitrite (22) , and inability to grow on nitrate as sole nitrogen source (23) . Some putative NiR mutants accumulating nitrite have been isolated from barley, and one of them was confirmed as a NiR-deficient mutant (24) . However, any other NiR mutants in higher plants have been obtained by above screenings. In Arabidopsis, some T-DNA insertion mutants of the NiR gene have been detected but have no observable phenotype (http://arabidopsis.orghttp:// arabidopsis.org). In this study, we found the deficiency of NiR activity in Koshihikari led to the low regeneration frequency. From this viewpoint, Koshihikari can be considered to be a NiR-deficient mutant. Such low NiR activity also was observed in shoot and root of Koshihikari as well as in callus (data not shown), and therefore Koshihikari may be available as a plant material to investigate the function and regulation of NiR in the nitrate assimilation pathway.
On the basis of the differences of NiR activity among rice varieties, we established a gene transformation method with NiR as a selection marker. A major advantage of using NiR for selection is that it is an endogenous rice gene that does not confer a selective advantage beyond that found widely within the rice species. Consequently, this transformation system using the NiR gene could ease some public concerns about genetically modified crops.
